The early postnatal development of neuron and glia numbers is poorly documented in human brain. Therefore we estimated using design-based stereological methods the regional volumes of neocortex and the numbers of neocortical neurons and glial cells for 10 children (4 girls and 6 boys), ranging from neonate to 3 years of age. The 10 infants had a mean of 20.7 × 10 9 neocortical neurons (range 18.0-24.8 × 10 9 ) estimated with a coefficient of variation ( , CV = 0.21), of which approximately one-half were glial cells. There was a significant linear increase in oligodendrocyte and astrocyte numbers during the first 3 years of life, but no change in the total number of neurons. This is in line with our expectation that the total number of neocortical neurons is already determined in mid-fetal life.
Introduction
The development of the human brain comprises a complex and dynamic process mediated by genetic and environmental factors, which begins very early in prenatal life, and continues through infancy until early adulthood. Indeed, the human brain is delivered in a remarkably unfinished state at the time of birth. Some neuron populations are still migrating to their destined location, and the majority of neurons are not yet functionally interconnected, reflecting the very incomplete development of white matter tracts in the early postnatal period. Indeed, a key aspect of early brain development is the formation and reinforcement of neuronal circuitry and projections. In addition to intrinsic factors, environmental input and experiences of the surrounding world are vital for the formation of neuronal connections and healthy brain development (Stiles and Jernigan 2010) .
Knowledge of human brain development mostly comes from studies of human brain post-mortem, and increasingly from brain imaging studies, notably magnetic resonance imaging (MRI). Structural imaging by MR is well suited for studies in children, given that it is noninvasive and does not entail exposure to ionizing radiation (e.g., Stiles and Jernigan 2010) . However, MRI is best suited for determinations of gross structural development such as voxel-based morphometry, cortical thickness, and white matter integrity. For the microscopic examination of the numbers of neurons and glial cells in developing human brain, post-mortem stereological studies remain indispensable. There have been a number of stereological neuron counting studies of human fetal brain (Samuelsen et al. 2003) , and brains from human neonates (Larsen et al. 2006) , adults (Pakkenberg and Gundersen 1997) , and elderly women (Fabricius et al. 2013 ) , as well as a study focusing on the motor cortex of adults (Gredal et al. 2000) .
Human brain mass increases from about 15 g at embryonic week 14 to about 50 g at week 20, and then grows rapidly to approximately 365 g at week 36, followed by a modest increase in mass to approximately 400 g at term (Larroche 1977; Guihard-Costa and Larroche 1990) . The rapid initial brain growth in utero exceeds that of other body tissues; such that brain weight constitutes some 15% of total body weight at 26 weeks of gestation, and 12% of body weight at birth (GuihardCosta and Larroche 1990) , while representing only 2% of body weight in the adult. Thus, human brain has attained approximately 30% of its adult size at the time of birth, and approximately 80% of its adult weight during the first 2-3 postnatal years. The human can therefore be considered a perinatal brain developer, in which the interval of maximal brain growth extending from the second half of gestation into the second and third year of life (Dobbing and Sands 1973) .
Valid data concerning the anatomic changes occurring in the human brain during postnatal life can give valuable information on the remarkable cerebral growth and maturation in this early phase of childhood. However, early postnatal brain growth has never hitherto been examined using stereological cell-counting methods. Therefore, we have endeavored to quantitate the histological maturational patterns of the neocortex specimens from children extending in age from neonate to 3 years, thus concentrating on the interval in which approximately one-half of the adult brain mass develops. To this end, we made use of a unique sample of brain specimens collected from children who had died without primary neurological deficits, and preserved at the Bispebjerg Hospital Brain Bank. We selected brains from a total of 10 infants and obtained quantitative stereological data on the numbers of neurons and glial cells in the cerebral cortex during early postnatal life. The study is intended to provide important information for guiding subsequent studies, using both histological and noninvasive imaging methods, of human brain development in the first 3 postnatal years.
Materials and Methods

Subject Characteristics
The study material consisted of cerebral hemispheres collected post-mortem from 10 children (4 girls and 6 boys) at Rigshospitalet from 1983 to 1991, all in accordance with Danish law regarding autopsied human tissue. Examination of these brains has been reported in a previous study on the postnatal development of white matter (Sigaard et al. 2016) , and analysis of one neonate brain has been reported in a study by Larsen et al. (2006) . The brains were selected from a larger sample of infant brains, but limited to those individuals without disease of the central nervous system, with the single exception of a 23-month-old infant who died from bleeding diathesis in association with meningococcal meningitis. The brains had been stored in different fixatives (formalin and/or picric acid) for various periods of time, so the brain weights are not directly comparable; despite this caveat, brain weights were all within the normal range (Voigt and Pakkenberg 1983) , except for a 19-month-old infant's brain that was about 30% underweight after fixation in picric acid for 28 years. Both the 23-month-old infant and the 19-month-old infant's brain did not generate extreme values in the subsequent quantitative assessment. The final material was limited to 10 brains as a consequence of our strict inclusion criteria. For particulars on cause of death, brain weights, and time in fixative, see Table 1 .
Tissue Processing and Stereological Design
The cerebrum was detached from the brainstem at the level of the third cranial nerve and the meninges removed. No brains had tumors or hemorrhage, and none showed signs of infections, except the case noted above with meningococcal meningitis. Estimations of cortical regions included the 6-layered neocortex, thereby excluding allocortex (the paleocortex, the archicortex, and the periallocortex) Furthermore, we have not included cingulate cortex, because it is a limbic structure. The molecular layer (cortical layer 1) was included in neocortical estimations despite its sparse cell density. A division of cortex into frontal-, temporal-, parietal-, and occipital lobe was made on 9 of the 10 brains based on gyral patterns (Fig. 1) .
Not included in the cell counting are subcortical volumes and surface estimates that are listed in Table 2 . The left or right cerebral hemisphere was systematically randomly selected for stereological examination and the entire sampled hemisphere cut coronally into approximately 2.5 cm thick slices, dehydrated, and embedded in paraffin in a LeicaASP300 tissue processor. Each block was cut exhaustively using a Leica microtome into parallel sections at a thickness setting of 40 μm, resulting in a total of 1500-3000 sections for each hemisphere. The sampling fraction for the sections was 1:100 and all sections were sampled following the rules of systematic uniform random sampling (Gundersen et al. 1999) . A wetted filter paper was placed on the paraffin block allowing collection of the sampled section without transfer to a water bath. After first adhering to the filter paper, each section was transferred to a double silane-coated microscope slide by positioning of the filter paper with the section down on the slide, and pressing gently on the upper surface side with a rubber printing roller. This resulted in an almost complete absence of artifacts stemming from tissue deformation, such as otherwise occur when mounting sections from a water bath. In particular, our method gave final tissue section heights of approximately 40 μm postprocessing, whereas the more conventional water bath method resulted in loss of section thickness (Eriksen and Pakkenberg 2007) . The sampled sections were rapidly transferred into a drying oven at 40°C for 24 h, and then further heated to 60°C for 60 min prior to being dewaxed in xylene for 30 min, followed by 20 min immersion in 99% ethanol, 10 min in 96% ethanol, 5 min in 70% ethanol, and 5 min in distilled water. The rehydrated sections were then immersed in a modified Giemsa stain consisting of 25 mL Giemsa stock solution (Merck, product 1.09204) in 250 mL potassium phosphate at pH 4.5, which had been filtered immediately before use. Finally, the stained sections were differentiated with 0.5% acetic acid and dehydrated through 96% ethanol for 1-5 min, 99% ethanol for 5-10 min, and xylene for 30 min.
Estimation of Volume
The Cavalieri volume was estimated by multiplying the average distance between the sections with the total crosssectional area obtained by multiplying the total number of counted points in the region of interest by the area per test point (for details, see e.g., Pakkenberg and Gundersen 1997; Karlsen and Pakkenberg 2011 ). Because of the major shrinkage necessarily taking place during paraffin embedding, brain volumes and surface areas are influences by shrinkage artifacts, while the reported total cell numbers are not. Since shrinkage need not be homogeneous, parameters vulnerable to shrinkage artifacts cannot be directly compared. Nonetheless, when the Cavalieri method is applied correctly, the product of the particle density and the volume after final processing gives an unbiased estimate of the total cell numbers, and as such, can be compared among brains, irrespective of their individual shrinkage.
Cell Density and Number Estimation
The numerical cell densities of neurons and glial cells were estimated applying the optical disector, as described in detail elsewhere (Karlsen and Pakkenberg 2011; Salvesen et al. 2015; Sigaard et al. 2016 ). Neurons and glial cells (subdivided into astrocytes, oligodendrocytes, and microglia) were counted only if they came into focus inside the counting frame. When the number of cells in all disectors, ΣQ−, had been counted, the numerical density, N V , was estimated as described previously (Pelvig et al. 2008) ; the total number of particles was the product of the reference volume and the numerical density in the samples, multiplied by 2, to provide whole cerebrum data. Cells that could not be clearly identified, which comprised a negligible fraction of total cell counts, were separately classified as unidentified cells. Vascular endothelial cells were not included in the counts. The sections were analyzed on a BX-50 Olympus microscope equipped with a Heidenhain electronical microcator with a digital readout (for measurements in the z-direction with a precision of 0.5 µm) and an X-Y motorized stage (M2000). Live images were forwarded to the computer running the CAST Stereology software package (v. 2.1.5.8, Visiopharm). The frame area was 810 µm 2 . Cells were counted using a ×60 oil immersion objective (Olympus, PlanApo N, NA 1.42), giving a final onscreen magnification of ×2340. Sampling in the z-axis was done with a disector height of 20 µm and upper and lower disector guard zones of never less than 5 µm. 
Cell Identification
As described elsewhere (Pelvig et al. 2003 (Pelvig et al. , 2008 Fabricius et al. 2013 ), determination of cell type was performed based on morphology. In brief, cells were identified as neurons if they had a single large nucleolus free of any surrounding heterochromatin, a typical pale chromatin pattern in a spherical, ellipsoid or polyhedric nucleus, and visible cytoplasm surrounding the nucleus (Sotelo and Triller 1997) . Oligodendrocytes are characterized by a small rounded or oval nucleus with dense chromatin structure and a perinuclear halo (Fuller and Burger 1997; Baumann and Pham-Dinh 2001) , while astrocytes are defined as cells with a round and pale nucleus with heterochromatin concentrated in granules in a rim lying below the nuclear membrane and a relatively translucent cytoplasm. A small nucleolus is not always identified, but when present, it often shows eccentric localization. Furthermore, astrocytes are often found in isolation, and characteristically have a nuclear membrane with a sharp profile. Microglia cells are defined by a small elongated or comma-shaped nucleus with dense peripheral chromatin (Pelvig et al. 2003) .
Surface Estimation
The surface area of the neocortex was obtained by estimating the surface density and multiplying this quantity by the volume of the neocortex. To obtain the surface area, we counted intersections (I) between the surface of the neocortex and the test lines and points hitting the cortical tissue as
where S is total surface area of the structure, 2 is a constant, V ref is the reference volume (neocortex), ∑I is the total number of intersections of the test line system and the structure (extending to the pial surface of neocortex), l(p) is the test line length per point, and ∑P is the total number of points hitting the structure, that is, neocortex (Gundersen 1985) . The surface area is multiplied by 2 to get bilateral data. Validity of this equation requires that the pial surface be isotropic; the test lines used for the surface area estimation were 2D isotropic, uniform, random straight test lines. The estimator of pial surface area, as opposed to the other stereological techniques used in this study, is thus not based strictly on unbiased principles because the brains were sliced in parallel coronal slices, but the bias is limited to a few percent (Oster et al. 1993) . "The precision of estimates" is expressed as the coefficient of error (CE), which is calculated as described in Gundersen et al. (1999) . As a measure of the variability of the estimates within a group, the observed interindividual coefficient of variation (CV = SD/mean) is reported in parenthesis after group means in the result section. An average of 485 points (range 338-636) was counted on the neocortical volume, corresponding to a CE(P) of 0.061 ( Gundersen et al. 1999) . For the density estimation, an average of 810 (range 593-942) neurons was counted per brain in an average of 282 disectors. Likewise, average counts per entire cerebral cortex were 673 (range 253-1000) for all glia, 437 (range 154-666) for oligodendrocytes, 222 (range 87-347) for astrocytes, and 13 (range 7-22) for microglia. This gave a mean CE(Q−) of 0.071 for neurons, versus a mean of 0.064 for all glia, 0.063 for the oligodendrocyte, 0.058 for astroglia, and 0.23 for microglia.
Statistical Analysis
Statistical evaluation of the neocortical neuron numbers was carried out in Graphpad prism version 5 for windows using a 2-tailed Student's t-test for differences in total neocortical cell numbers between male and females. Any P-value <0.05 was considered significant. The total cell numbers for oligodendrocytes and astrocytes appeared to increase linearly with age, so we applied a linear regression analysis to depict their total numbers as a function of age in months. Here, the goodness of fit (R 2 ) is the proportion of the variance explained by the regression model, which is an index of how well the model fits the dependent variable.
Results
The mean total number of neocortical cells in the entire population was 36.8 × 10 9 (range 26.8-48.3 × 10 9
; CV = 0.21). The 10 infants had a mean of 20.7 × 10 9 neurons (range 18.0-24.8 × 10 9 ; CV = 0.11) (Fig. 2a and Table 3 ). The total bilateral number of neurons in 9 out of the 10 children (#10 was not subdivided for technical reasons) was recorded in the neocortical subregions (frontal-,temporal-, parietal-, and occipital lobe), as shown in Figure 3 .
The mean total number of neocortical glia cells was 16.2 × 10 9 (range 8.3-24.4 × 10 9 ; CV = 0.39). The glia cells were subdivided into oligodendrocytes, astrocytes, and microglia ( Table 2 . We found no significant gender differences in the cell numbers (Table 3) .
Linear Increase in Oligodendrocytes, Astrocytes, and Total Glia Cell Numbers
We found a significant linear increase in oligodendrocyte and astrocyte numbers during the first 3 years of human life. For oligodendrocytes, the regression was y = 0.35 × 10 9 × age in months + 6.06 × 10
9
. The goodness of the fit was R 2 = 0.77, and the slope was significantly different from zero (P = 0.0009), with 95% confidence intervals (95% CIs) of 0.19-0.51 × 10 9 /month for the slope, and 3.50-8.63 × 10 9 for the ordinate intercept. For astrocytes, the regression was y = 0.15 × 10 9 × age in months + 3.39 × /month for the slope, and 5.58-13.9 × 10 9 for the ordinate intercept. The corresponding linear regression slopes for the total numbers of neurons or microglia as a function of age did not significantly different from zero. The populations of neurons and glia cells as percentage of total cell counts are shown in Figure 2f .
Discussion
Although brain development is an on-going process, the most dynamic and crucial phase occurs in utero, and during the first years of postnatal life (Knickmeyer et al. 2008) , providing the foundation for subsequent brain development. The major finding of this study is a linear 3-fold increase of the total numbers of oligodendrocytes and astrocytes in the first 3 years of life, with no such age-dependent increase in the total number of neocortical neurons. Stereological studies have previously reported that the total neocortical glia cell number in neonates is approximately 6 billion (Larsen et al. 2006) , which is only 20% of the total glial cell numbers found in the adult brain (Pelvig et al. 2008; Salvesen et al. 2015) . The mean total number of neocortical glial cells was estimated to be 27.9 × 10 9 in a group of 18 adult females and 38.9 × 10 9 in 13 males (Pelvig et al. 2008) .
While the types of glia were not differentiated in that study, a more recent investigation for a group of 6 adult women reported approximately 18 × 10 9 oligodendrocytes, 6 × 10 9 astrocytes, and 2.5 × 10 9 microglia. Thus, the number of neocortical oligodendrocytes in 3-year olds approaches the adult number, whereas the adult complement of astroglia is fully attained by age 3. However, we are unable to make strong claims about maturation of microglia numbers at age 3, given the high biological variances (~40%). The numerical increase in oligodendrocyte numbers during the first 3 years indicated a doubling between neonates and 3 years of age. The linear increase with age from newborn to 3 years corresponds to approximately 6 million oligodendrocytes every month (just about 2 per second). We observed this significant linear increase (R 2 = 0.77) during the first 3 years of life, despite the high biological variance in oligodendrocyte numbers between individuals. The linear regression slope for the increase of neocortical astrocyte numbers had a somewhat lesser goodness of fit (R 2 = 0.57), presumably reflecting the lower abundance of astrocytes, corresponding to an astrocyte birthrate of 3.5 million per month, approximately half the rate for oligodendrocytes. Taken together, the net number of glia increases by 10 million cells per month during the first 3 years. Given that others reported proliferation and apoptosis of glial progenitors during childhood (Chan et al. 2001; Miller 2002) , it
indicates that the birthrate of glia cells must exceed 10 million per month, in proportion to the unknown apoptosis rate. The enormous net increase in total neocortical glia numbers in the first 3 years of life (R 2 = 0.72; P = 0.002) underlines the importance of this early period of childhood for brain development.
The total number of microglia in the present material (0.3 × 10 9 ) was a factor of 10 times lower to the reports in the adult that is, 2-3 billion (Pelvig et al. 2008) . The number of sampled microglia was consistently low, giving a rather high CE (23%) and we can therefore not determine if there is a correlation to age. The mean number presented here for microglia is likely still a good indicator of the true number, despite the impression of the estimate. The low abundance of microglia, which normally proliferates in response to brain injury, seems consistent with the causes of mortality in this selected group of children.
In another study of the same brains, we have measured the total number of cells in the subcortical white matter, relative to findings in adult brains (Sigaard et al. 2016) . We found the total number of white matter oligodendroglia to increase from 27 billion at age 3 years to 37 billion in the adult brain, suggesting an increase of approximately 10 billion from age 3 to adult life. The astroglia count in subcortical white matter was about 6 billion at 3 years of age, increasing to 9 billion in the adult. In white matter, the total number of oligodendroglia and astrocytes thus represents approximately two-third of the adult numbers at age 3. In comparison, this study shows that cortical oligodendroglia increase in number from about 15 billion by age 3 to approximately 18-23 billion in the adult, while the cortical number of astroglia has already attained the adult level by 3 years of age. The small population of white matter neurons was apparently identical in the infant (0.68 × 10 9 ) and adult brains (0.69 × 10 9 ). Similarly, the sparse population of microglia in the subcortical white matter (0.20 × 10 9 ) did not significantly increase in the adult brain (0.28 × 10 9 ).
The human brain attains most of the adult weight in the first 3 years of life. The stereological study of Larsen et al. (2006) found that the total number of neurons in the neocortex of newborn humans, approximately 20 billion, was already equal to the numbers in adults. Our present data are thus in line with the expected neocortical neuron number based on many previous reports of total neocortical neurons in adults (Oster et al. 1995; Pakkenberg and Gundersen 1997; Gredal et al. 2000; Thune et al. 2001; Pedersen et al. 2005; Pelvig et al. 2008; Karlsen and Pakkenberg 2011; Fabricius et al. 2013) , emphasizing the apparent lack of cortical neuron proliferation in postnatal life. Furthermore, they are in line with Bhardwaj et al. who took advantage of the integration of 14 C, generated by nuclear bomb tests during the Cold War, in DNA to establish the age of neurons in the major areas of the human cerebral cortex. Together with the analysis of the neocortex from patients who received BrdU, they demonstrated that neurons in the human cerebral neocortex are not generated in adulthood at detectable levels but are generated perinatally (Bhardwaj et al. 2006) . Most of the neurons destined for the prospective cortex are produced deep within the brain in the ventricular zone (VZ), while a small subpopulation of GABAergic neurons migrates from the ganglionic eminence of the ventral forebrain to the dorsal forebrain (Letinic et al. 2002) . In a more recent study, Radonjic et al. have reported that an additional subset of neocortical GABAergic interneurons might be generated in the cortical VZ and a proliferative niche, the outer subventricular zone (SVZ). They used a battery of assays applicable to the human, monkey, and mouse organotypic cultures and supravital tissue to identify neuronal progenitors in the cortical VZ/SVZ niche that produce a subset of GABAergic interneurons. Their findings suggest that these progenitors may constitute an evolutionary novelty contributing to the elaboration of higher cognitive functions in primates (Radonjic et al. 2014 ).
As noted in previous studies (Sigaard et al. 2016) , distinguishing between the largest glia cells and the smaller neurons in Giemsa stained tissue can be a problem. The use of strict morphological criteria may not be sufficient for correct assignment of cell type in all cases. A more reliable separation of neurons and glia might have been obtained through the use of sensitive and robust antibodies for a specific glial marker, if available and reproducible. This was not possible in this study due to the long-term formalin fixation of the brain tissue. However, our morphological criteria for cell differentiation have proved to be consistent in a number of stereological studies (Pelvig et al. 2003 (Pelvig et al. , 2008 Fabricius et al. 2013) .
This study provides morphological-based counts of cell numbers in the neocortex from a group of 10 human infants. The postnatal development of the human neocortex is critically important in that any disturbance in the proliferation, differentiation, or migration of neurons or glia would likely have deleterious effects on brain morphology and function. Our use of unbiased stereological methods for cell counting is crucial for establishing objective information about human brain development, and may prove to be the key for revealing the basis of developmental disorders such as autism, cerebral palsy, or intellectual disability. Importantly, we see nearly complete neocortical neuronal numbers in infancy, but describe important postnatal proliferation of astrocytes and oligodendrocytes.
